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Abstract
MgZn2-type (Hf,Ta)Fe2 is a typical negative-thermal-expansion system, which
expands during the establishment of ferromagnetic ordering in cooling. This abnormal
behavior suggests that (Hf,Ta)Fe2 is a potential ingredient to produce a composite
with zero thermal expansion. In this work, we find that the as-cast (Hf,Ta)Fe2 have
Fe-rich grain boundaries, which disappear after annealing. It inspires us to produce a
(Hf,Ta)Fe2/Fe composite by adding extra Fe in nonstoichiometric composition
without annealing. After carefully tuning Hf/Ta ratio and Fe concentration,
room-temperature zero-thermal-expansion is achieved in the sample with a
composition of Hf0.80Ta0.20Fe2.5.

Keywords: zero thermal expansion; magnetic phase transition; Hf1-xTaxFe2
compounds; negative thermal expansion

It is well known that most materials exhibit positive thermal expansion (PTE)
due to inherent anharmonic atom vibration, which leads to the expanded lattices upon
heating. In contrast, a limited number of materials contract with increasing
temperature, known as the negative thermal expansion (NTE) [1-6]. The observed
NTE behavior is related to lots of factors, such as spontaneous volume
ferroelectrostriction in PbTiO3-based ferroelectrics [7], magnetovolume effect in Invar
alloys [8], charge-transfer in BiNiO3 [9], independent atomic oscillation in ScFe3
[10]and phonon-driven contraction in framework oxides [1,11], fluorides [12,13],
metal organic frameworks [14] and Prussian Blue family [15]. NTE materials show
significant application potential since they could be mixed with the PTE materials to
form composites with zero thermal expansion (ZTE), which is helpful in improving
the reliability of devices in numerous industrial fields [16].
Hf1-xTaxFe2 (or (Hf,Ta)Fe2) is a typical NTE system, which crystallizes in
hexagonal MgZn2-type structure (C14 Laves phase, space group P63/mmc) in the
whole concentration range of x [17-19]. The corresponding structure is plotted in Fig.
1(a). In this structure, Hf/Ta atoms occupy 4f atomic position and Fe atoms occupy
two distinguished crystallographic positions (2a and 6h sites) [20,21]. The
replacement of Hf by Ta affects the magnetic property. For 0.13<x<0.30, the
compounds transit from paramagnetic to antiferromagnetic then to ferromagnetic state
during cooling [22-25] (Temperature dependence of magnetization curve for x=0.16 is
shown in Fig. 1(b) as an example). The antiferromagnetic-ferromagnetic transition is
a first-order one, which is accompanied by a large volume expansion of ~1%
(increase in a axis and negligible change in c axis), while the volume change during
paramagnetic-antiferromagnetic transition is negligible [21,23]. For 0.10<x<0.13, the
antiferromagnetic state disappears and the magnetic transition occurs from
high-temperature paramagnetic to low-temperature ferromagnetic states (Temperature
dependence of magnetization curve for x=0.11 is included in Fig. 1(b) as an example).
This second-order magnetic transition is still accompanied by considerable volume
expansion [26]. In other word, the Hf1-xTaxFe2 (0.10<x<0.30) exhibits NTE when its
ferromagnetic state establishes.

From this point, Hf1-xTaxFe2 (0.10<x<0.30) is a potential NTE ingredient to
produce a ZTE composite. To design this (Hf,Ta)Fe2-based ZTE composite, it is better
to obtaining an in situ PTE phase in MnZn2-type (Hf,Ta)Fe2 matrix relative to
artificially mixing (Hf,Ta)Fe2 with PTE materials since the fabrication will be simple
and the microcracks generated during synthesis can be prevented. However, the
detailed methods and the corresponding ZTE composite are still absent.
On the other hand, the effect of long-time annealing on (Hf,Ta)Fe2 remains
unclear. In some published papers, (Hf,Ta)Fe2 are always annealed at 1273 K for 7
days [27-31]. However, the annealing process seems have no obvious influence on the
magnetic properties [32,33]. Facing to this question, we compare the microstructure
of as-cast and annealed (Hf,Ta)Fe2 in this paper and find that the grain boundary in
as-cast sample is rich in Fe and this Fe-rich boundary will disappear after long-time
annealing. According to this, it is reasonable to think that adding extra Fe in the
nonstoichiometric composition will lead to large amount of Fe-rich phase in the
as-cast sample and the PTE in Fe-rich phase can compensate the NTE during the
magnetic transition in MnZn2-type (Hf,Ta)Fe2, resulting ZTE. Based on this law, we
successfully produce a ZTE (Hf,Ta)Fe2/Fe composite. Furthermore, the fabrication of
this ZTE composite is simple since long-time annealing is needless.
The samples in this work were prepared by arc-melting under a high-purity argon
atmosphere. The ingots were melted for four or five times, and they were turned over
each time. The crystalline structure was investigated using room-temperature powders
X-Ray diffraction (XRD, Bruker Advance D8 diffractometer). The scan step was
0.02° and the angular range was 20°<2θ<80°. The microstructure was observed using
a FEI Quanta 250F scanning electron microscope (SEM) and optical microscope.
Before the observation, the surface was mechanically polished and corroded at room
temperature. The solvent needed for the corrosion was HNO3 and HF, and the ratio of
deionized water, HNO3 and HF was 50:9:3. The elemental mapping images were
observed using energy-dispersive spectroscopy (EDS) in SEM. The linear thermal
expansion vs temperature curves were obtained on NETZSCH F3 thermal mechanical
analyzer with a heating/cooling rate of 3 K/min. The sample size is 3×3×6 mm.

Magnetic properties were measured using a vibrating sample magnetometer (VSM,
Lakeshore). During the magnetic measurement, bulk samples with mass of ~20 mg
were used and the heating/cooling rate was set to be 3 K/min.

Fig. 1. (a) Crystal structure of the (Hf,Ta)Fe2. (b) Temperature dependence of
magnetization curves for Hf1-xTaxFe2 (x=0.11 and 0.16) during cooling under 0.1 T. (c)
XRD patterns of as-cast Hf1-xTaxFe2 (0.10<x<0.18) at room temperature. (d) Optical
image of as-cast Hf0.86Ta0.14Fe2. SEM image and EDS mapping of (e) as-cast and (f)
annealed Hf0.86Ta0.14Fe2.

The XRD patterns of as-cast Hf1-xTaxFe2 (0.11<x<0.18) are shown in Fig. 1(c).
All the diffraction peaks can be indexed with hexagonal MgZn2 phase in the whole
concentration range of x. This phenomenon indicates that MgZn2 phase directly form
after arc-melting. We take x=0.14 as an example and reveal its morphology in Fig.
1(d). After corrosion, acicular grain with average size of ~150 μm in length and ~50
μm in width can be clearly observed by optical microscope. The SEM image and EDS
mapping are shown in the Fig. 1(e). It should be noted that the grain boundaries are
corroded, leaving some ditches, which are corresponding to the crack-like defects in

the Fig. 1(e) as well as the black lines in the Fig. 1(d). The EDS mapping proves that
Hf, Ta and Fe distribute uniformly in the grain, while the grain boundary is rich in Fe
but poor in Hf and Ta.
To reveal the effect of annealing, the samples mentioned above are annealed at
1273 K for 7 days. This annealing condition is widely used in the previous researches
[27-31]. The grain boundaries in the annealed samples become hard to be corroded
relative to that in the as-cast samples, but some marks can still be found after
corrosion. The SEM image (Figure 1(f)) shows an area containing grains and
boundaries. The corresponding EDS mapping indicates that elements distribution in
the grain and boundary are nearly the same. By comparing Fig. 1(e) and (f), it can be
said that Hf and Ta atoms migrate into the Fe-rich gain boundary during annealing so
that the elements distribution becomes uniform. The measured composition of grain is
Hf29.5Ta5.23Fe65.28 but changes to Hf28.97Ta5.45Fe65.58 after annealing. The ratio of Hf/Ta
decreases and the Fe-concentration is nearly unchanged.
Temperature dependence of magnetization for both as-cast and annealed
Hf1-xTaxFe2 (0.11<x<0.18) samples are shown in the Fig. S1 and S2. At first glance,
both the as-cast and annealed samples display a magnetic transition from
paramagnetic/antiferromagnetic to ferromagnetic states during cooling and the
magnetic transition becomes smoother with increasing x, indicating that the nature of
the magnetic transition changes from first-order to second-order. By carefully
comparing

the

paramagnetic/antiferromagnetic-ferromagnetic

transition

finish

temperature (Tf,mag, as shown in Fig. 1(b)) in both as-cast and annealed samples (Fig.
S3), it can be found that the magnetic transition temperature slightly decreases after
annealing. The annealing-induced decrease of Tf,mag agrees well with the change of
Hf/Ta ratio in the grain because the transition temperature decreases with the Ta
concentration increases [30].
In other word, the arc-melted (Hf,Ta)Fe2 exhibits Fe-rich grain boundary, which
will be eliminated after long-time annealing. According to this, it is reasonable to
think that by adding extra Fe in the nonstoichiometric composition, large amount of
Fe-rich phases will form in the sample without annealing. It will be in favor of

obtaining ZTE composite since the NTE during the magnetic transition can be
compensated by the PTE in Fe-rich phase. From this point, the samples in the
following text are not annealed.
It is notable that the temperature region in which ZTE occurs should cover room
temperature to meet the requirement of real-environment application. It demands that
accompanied by the formation of large amounts of Fe-rich phases, the magnetic
transition should be maintained around room temperature. To test the influence of
additional Fe on the magnetic transition temperature, Hf1-xTaxFe2+y (x=0.14 and 0.16,
y=0.1) are tested as examples. The temperature dependence of magnetization curves
(Fig. 2) indicate that adding small amounts of extra Fe in the nonstoichiometric
composition greatly shifts the magnetic transition to high temperature (Tf,mag=290 K
for Hf0.86Ta0.14Fe2 while 351 K for Hf0.86Ta0.14Fe2.1, Tf,mag=252 K for Hf0.84Ta0.16Fe2
while 304 K for Hf0.84Ta0.16Fe2.1). In the following results, we will show that y=0.1 is
not enough to establish ZTE and more additional Fe should be added in. In that case,
the magnetic transition as well as ZTE will be much higher than room temperature.
Therefore, to obtain a room-temperature ZTE, the Hf/Ta ratio should be low (or Ta
concentration should be high) so that the ZTE can cover room temperature in the case
of extra Fe is introduced. For this reason, we choose the nonstoichiometric
composition as Hf0.80Ta0.20Fe2+y (y=0.10, 0.30, 0.50 and 0.70). The Hf0.80Ta0.20Fe2 has
a antiferromagnetic-ferromagnetic transition temperature of 155 K [34].

Fig. 2. Temperature dependence of magnetization for Hf1-xTaxFe2+y (x=0.14 and 0.16,
y=0 and 0.1) during cooling under 0.1 T.

The morphology of Hf0.80Ta0.20Fe2+y (y=0.5) obtained using optical microscope is
shown in the Fig. 3(a). Island-like precipitates can be clearly found. The EDS
mapping shown in the Fig. 3(b) indicates that these precipitates are rich in Fe but lack
in Hf and Ta. This elemental distribution is the same as that in the grain boundary
shown in Fig. 1(d). It proves that adding extra Fe can lead to the formation of large
amounts of Fe-rich phase. The measured composition of precipitate and matrix are
Hf2.69Ta0.29Fe97.02 and Hf25.44Ta7.37Fe67.19, respectively. According to this, it can be said
that (Hf,Ta)Fe2/Fe composites are obtained by adding in extra Fe in nonstoichiometric
composition.

Fig. 3. Optical image (a), SEM image and EDS mapping (b) for Hf0.80Ta0.20Fe2.5.

Temperature dependence of magnetization curves for Hf0.80Ta0.20Fe2+y (y=0.10,
0.30, 0.50 and 0.70) are shown in Fig. 4(a). With the increase of y, the magnetic
transition shifts to higher temperature. Due to the limited measurement temperature

region, the data above 400 K can’t be obtained, but the gradual increase of
magnetization during cooling reflects the occurrence of magnetic transition. The
values of Tf.mag are 203, 295, 343 and 357 K, for y= 0.1, 0.3, 0.5 and 0.7, respectively.
We attribute the increase of magnetic transition to the constraint from Fe-rich
phase. Since the magnetic transition is accompanied by considerable volume change,
the occurrence of magnetic transition should overcome the constraint from the existed
Fe-rich phase. The more Fe-rich phases exist, the more energy is needed to trigger the
transition. Therefore, the sample with a larger y should have a higher transition
temperature.
Fig. 4(b) displays the linear thermal expansion (∆L/L) for Hf0.80Ta0.20Fe2+y
(y=0.10, 0.30, 0.50 and 0.70). For y=0.1, the sample exhibits PTE above 286 K, while
NTE in the range of 190-286 K, then PTE again below 190 K. With the increase of y,
the magnitude of NTE reduces and a ZTE is obtained in the sample with y=0.5. The
coefficient of thermal expansion reaches 0.352 ppm/K in the temperature range from
265 to 350 K. Further increasing y to 0.7 will result in a PTE composite in the whole
measurement temperature region. The obtained ZTE is comparable with that reported
in

previous

literatures,

such

as

LaFe11.4Al1.6

(-0.85

ppm/K)

[35],

Zn/Si/Zn0.75Sn0.2Mn0.05NMn3 (-0.39 ppm/K) [36], Mn3Cu0.5A0.5N/Cu (A=Ni, Sn)
(0.47 ppm/K) [37], Mn3.333Ni0.667N (0.71 ppm/K) [38], cellular solids (near zero) [39],
LaFe10.1Cu0.5Si2.4 (0.28 ppm/K) [40] and ZrW2O8/Cu (1.6 ppm/K) [41]. This
phenomenon indicates that the NTE generated from the magnetic transition in
MaZn2-type (Hf,Ta)Fe2 can be completely compensated by the PTE from Fe-rich
phase in the case of y=0.5.

Fig. 4. (a) Temperature dependence of magnetization curves for Ha0.80Ta0.20Fe2+y
(y=0.10, 0.30, 0.50 and 0.70) during cooling under 0.1 T. (b) Linear thermal
expansion (ΔL/L) for Ha0.80Ta0.20Fe2+y (y=0.1, 0.3, 0.5 and 0.7). (c) Macroscopic
photos for Ha0.80Ta0.20Fe2 and Ha0.80Ta0.20Fe2.1.
According to Fig. 4(b), the finish temperature (Tf,exp) at which NTE or ZTE
terminates during cooling is obtained (the principle of selecting its value is included
in Fig. 4(b)). The values of Tf,exp are 190, 218 and 235 K for y=0.1, 0.3 and 0.5,

respectively. By comparing these values with that of Tf,mag, it can be found that the
NTE or ZTE occurs at a lower temperature than the magnetic transition does. Similar
phenomenon can also be found in La(Fe,Si)13-based NTE/ZTE materials [40,42,43].
This asynchrony can’t be attributed to different sample size in magnetic and thermal
expansion measurements because the heating/cooling rate is set to be low enough to
guarantee heat uniformity in bulk sample. Here, we suggest that the asynchronous
formation of ferromagnetic ordering at two Fe sites is the main reason. According to
the electron spin resonance spectra in Ref [26], the formation of ferromagnetic
ordering at Fe-2a and Fe-6h sites is asynchronous and the ferromagnetic ordering at
Fe-6h sites happens at a higher temperature than that at Fe-2a sites. By comparing the
electron spin resonance spectra with the thermal expansion data [26], it can be found
that accompanied by the formation of ferromagnetic ordering at Fe-2a sites, abnormal
thermal expansion occurs. Since the magnetic measurement collects the magnetic data
from both Fe-2a and Fe-6h sites, Tf,mag is therefore higher than Tf,exp.
Besides, adding extra Fe is helpful for reducing defects. As shown in the Fig.
4(c), some visible cracks can be found in prepared (Hf,Ta)Fe2 bulk. These cracks are a
result of anisotropy thermal expansion in hexagonal MgZn2 structure. However, these
cracks disappear after extra Fe is introduced, as shown in the Fig. 4(c). Large amounts
of ductile Fe-rich phase can absorb the stress generated from anisotropy thermal
expansion during cooling, preventing the formation of cracks.
In conclusion, we provide a method on designing a (Hf,Ta)Fe2/Fe composite
with ZTE covering room temperature. The detail results can be summarized as:
(i) The grain boundary in as-cast (Hf,Ta)Fe2 is rich in Fe but lack in Hf and Ta. This
Fe-rich boundary can be eliminated after long-time annealing.
(ii) Adding extra Fe in the nonstoichiometric composition leads to the formation of
large amount of Fe-rich phase in the as-cast samples.
(iii) The existence of Fe-rich phase obviously increases the magnetic transition
temperature. Therefore, to obtain a room-temperature ZTE, the Hf/Ta ratio should be
low.
(iv) Room-temperature ZTE (265-350 K) can be obtained in Ha0.80Ta0.20Fe2.5. The

corresponding coefficient of thermal expansion reaches 0.352 ppm/K.
(v) Adding extra Fe in nonstoichiometric composition is helpful in improving the
compactness.
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